R cell growth cones, we have undertaken a genetic dissection to search for second-site mutations that modify a Msn hyperactivation phenotype. bifocal (bif), a gene pathway. In our previous studies (Ruan et al., 1999) , we encoding for a putative cytoskeletal regulator (Bahri et generated a msn gain-of-function phenotype by overexal., 1997), shows strong interaction with msn.
pressing Msn in R cell growth cones. In wild-type (Figure The bif gene was originally identified for its role in 1A), after exiting the optic stalk, R1-R6 growth cones regulating R cell morphology in adult compound eyes migrate over a distance of ‫02ف‬ m within the lamina, (Bahri et al., 1997). Mutations in bif disrupt the organizathen stop extension and expand significantly in size to tion of F-actin filaments. Bif binds to F-actin in vitro form the lamina plexus, while R7 and R8 growth cones (Sisson et al., 2000) and colocalizes with F-actin during migrate through the lamina into the medulla. In larvae development (Bahri et al., 1997). In this paper we demonoverexpressing msn, however, many R1-R6 growth strate that bif, like msn, is also required for the proper cones terminate before reaching the lamina plexus (Figtargeting To determine if Bif is also localized to R cell growth cones, we ground is indeed sensitive to the dosage of other genes. We then took this approach to examine the potential initially stained third-instar larval eye-brain complexes with an affinity-purified anti-Bif antibody (a gift from W. interaction between msn and a set of genes that had been previously implicated in regulating cytoskeletal Chia). Consistent with the report by Chia and colleagues, Bif was detected in wild-type R cell bodies (Figure 2A ), changes in Drosophila. Interestingly, we found that reducing the dosage of bif largely suppressed the pretarbut not in bif mutants ( Figure 2B ). However, it was difficult for us to tell if Bif is expressed in R cell growth get msn hyperactivation phenotype ( Figure 1D ). Suppression was observed using two different bif alleles cones in whole-mount tissues due to relatively high background staining in the developing optic lobe. To R38 ‫,%65ف(‬ n ϭ 34) and R47 ‫,%57ف(‬ n ϭ 20). In contrast, reducing the dosage of bsk, a gene that encodes the further address this issue, we cultured dissociated thirdinstar R cells and stained those cells with anti-Bif antifly homolog of C-Jun N-terminal kinase and has been shown previously to function downstream of Msn to body. Positive staining was detected in wild-type R cell bodies, axons, and growth cones ( Figures 2D and 2G ), regulate dorsal closure in early embryos (Su et al., 1998) , showed no effect ( Figure 1C ). This result argues against but not in bif mutants ( Figure 2F ). The strong staining at the periphery of the cell body indicates that Bif is that msn and bsk interact similarly in R cell growth cones.
predominantly associated with plasma membrane. We conclude that Bif, like Dock and Msn ( Figure 2H ) (Garrity Among other genes examined, we found that reducing the dosage of cdc42 ‫,%01ف(‬ n ϭ 34 hemispheres) or et al., 1996; Ruan et al., 1999), is also present in R cell growth cones. disabled (dab) ‫,%03ف(‬ n ϭ 12 hemispheres) enhanced the msn overexpression phenotype. In eye-brain complexes showing enhanced phenotype, R cell axons ter-
The bif Gene Is Required for R1-R6 Growth Cone Targeting minated within the optic stalk or the eye disc, which was never observed in wild-type larvae overexpressing Both dock and msn are required for the proper termination of R1-R6 growth cones in the lamina (Garrity et al., msn. No modification of the msn overexpression phenotype was observed by reducing the dosage of dpak (n ϭ 1996; Ruan et al., 1999) . The function of Bif in the same pathway, as suggested by the above dosage-sensitive 28 hemispheres), Rho1 (n ϭ 30 hemispheres), all three Rac genes Rac1-Rac2-Mtl (n ϭ 20 hemispheres), or interaction between msn and bif ( Figure 1D ), should lead to altered R1-R6 targeting pattern in bif mutants. To chickadee (chic) that encodes the fly homolog of profilin (n ϭ 26 hemispheres).
address this possibility, we examined the R cell projection pattern in bif mutants using cell-type-specific markThat the Msn hyperactivation phenotype is sensitive to the dosage of bif, together with previous reports ers. The projection pattern of all R cell axons in late third-instar larvae was visualized using the R cell-speshowing the link between Bif and the actin cytoskeleton (see Introduction), raise the interesting possibility that cific marker MAb 24B10 ( Figures 3A-3C ). We found that in bif mutants ( Figure 3C ), like in msn mutants ( Figure  3E ), many R2-R5 axons projected through the lamina into the medulla layer ‫,%08ف(‬ n ϭ 30 hemispheres). This 3B), gaps were frequently seen in the R1-R6 growth cone termination site. The R7 and R8 terminal field in phenotype was also observed in three other bif alleles examined, including bif R38 ( Figure 3K ), bif
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, and the medulla was also mildly disorganized in bif mutants.
To determine if the above defects are due to a failure bif To examine if the bif gain-of-function phenotype is sensitive to the dosage of msn, the strong msn loss-R1-R6 targeting defect was unlikely due to abnormal R cell differentiation or fate determination (e.g., transforof-function allele msn 102 was crossed into the bif overexpression background. No modification of the bif mation of a R1-R6 cell into an R7 or R8 fate) as assessed by using several R cell-specific markers (data not overexpression phenotype was observed (n ϭ 30 hemispheres), which is in marked contrast to the shown). To further determine if R1-R6 targeting defect in bif mutants reflects a direct role for Bif in R1-R6 observation that msn overexpression phenotype could be largely suppressed by reducing the dosage of bif growth cones, we examined the development of the target region by using the lamina neuronal differentiation ( Figure 1D ). However, while this data is consistent with that bif functions downstream of msn in the pathway, it marker Dachshund (data not shown) and the glial marker Repo (Figures 3I and 3J) . The differentiation and organicannot exclude the possibility that the reduced amount of Msn is sufficient for the action of excess Bif since zation of lamina neurons appeared normal in bif mutants (data not shown). Lamina glia in bif mutants appeared the analysis was not performed in msn null mutants due to technical reasons. less organized ( Figure 3J ) compared to that in wild-type ( Figure 3I) . However, the number of glial cells in the The effect of Bif overexpression was also assessed by placing UAS-bif under control of the R7-specific driver R1-R6 target region in bif mutants are similar to that in wild could rescue R cell projection defects in msn mutants. Wild-type and mutant UAS-msn were expressed under In summary, the above experiments indicate that Msn is capable of associating directly with Bif and phosphorcontrol of the neuronal-specific elav-Gal4 driver in larvae that are homozygous for a msn hypomorphic mutation ylating Bif. GMR eye-specific promoter in all individuals examined (n ϭ 9, Figure 6D ). Neuronal-specific expression of Msn (D160N) also decreased the viability of msn mutant embryos; only 5% of msn l(3)03349 embryos expressing Msn (D160N) could survive to the pupal stage (compared to Ͼ90% in the absence of this transgene), suggesting that Msn (D160N) functions as a dominant-negative form to inhibit the function of either maternal msn or residual zygotic msn or both in early msn l(3)03349 embryos.
Msn Interacts with Bif to Regulate F-Actin Organization and Filopodium Formation in Cultured Cells
While above studies indicate the involvement of Bif in the control of growth cone cytoskeleton, the exact role of Bif in regulating cytoskeletal changes was unclear. Figure 7B ), which were mainly found at cell periphery and were occasionally present as thin fibers within the cell body. . Dissection of the brakeless pathway will identify and Bif regulates the reorganization of actin filaments additional key players required for R cell growth cone in spatially restricted domains within the growth cone targeting. without affecting the general structure of growth cone cytoskeleton.
To address this, we examined the effect of Bif expression on the level and the distribution of F-actin in COS-7 cells. Untransfected cells or cells transfected transiently with GFP alone showed low level of F-actin (

Expression of Msn alone affected neither the level of F-actin nor cell morphology (n Ͼ 200, data not shown). To examine the effect of Bif on actin cytoskeleton, COS-7 cells were transiently transfected with a construct encoding a GFP-Bif fusion protein. Remarkably, we found that GFP-Bif not only colocalized with F-actin
Experimental Procedures
That Bif colocalized with F-actin and could promote actin polymerization in cultured cells (Figure 7) will identify proteins that function upstream of Dock and
